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(54) Multi-axis bevel and hypoid gear generating machine 

(57) A computer controlled machine for forming lon- 
gitudinally curved tooth bevel and hypoid gears having a 
minimum number of movable machine axes for setup 
and operation. The movable axes include three rectilin- 
ear axes (X, Y and Z) and three rotational axes (T. W and 
P). The rectilinear axes are arranged in mutually orthog- 
onal directions. Two of the rotational axes (T and W) pro- 
vide for rotating tools (26.27) and work gear (42,43), 
respectively. The third rotational axis (P) provides for 
adjusting the relative angular orientations of tool axis (T) 
and work axis (W). Pivot axis (P) is positioned with 
respect to both tool axis (T) and work axis (W) at fixed 
inclination angles. A method of operating the computer 
controlled machine provides for controlling the movable 
axis (X, Y, Z, T, W and P) in response to setup and oper- 
ating parameters of conventional bevel and hypoid gear 
generating machines. 
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A second well known gear making process, known as "continuous indexing", uses a rotary tool arranged with a 
number of stock removing surfaces which are positioned on a tool body to represent a plurality of teeth on the generating 
gear. According to this known practice, the work gear is rotated in a timed relationship with the rotation of the tool so 
that all of the tooth spaces in the work gear are collectively formed. Required generating motions are superimposed on 
5 this timed relationship so that an additional amount of work gear rotation is imparted in a timed relationship with machine 
cradle rotation. Since all of the work gear tooth spaces are treated collectively, only a single rotation of the tool about 
the cradle axis through the space of one tooth of the theoretical generating gear is required to completely generate ail 
work gear tooth surfaces. 

A discussion of the basic machine requirements of bevel and hypoid gear manufacture is found in Chapter 20 of 
io Gear Handbo ok. The Design. Manufacture, and Application of Gears. Darle W. Dudley, Editor, Copyright 1982 by 
McGraw-Hill, Inc., Library of Congress Catalog Card Number: 61-7304. Pages 1 through 1 1 of the cited chapter entitled 
"Bevel- and Hypoid-Gear Manufacture" are hereby incorporated by reference for purposes of indicating the background 
of invention and illustrating the state of the art. 

For purposes of additional background, it may be appreciated that for a number of years, advances in the computer 
15 and electronics industry have been routinely applied to machine tools. In fact, most state-of-the-art machine tools now 
include some sort of computer control. Such machines are referred to in the industry as computer numerically controlled 
machines or "CNC" machines. It is well known, for example to use computers to control both machine operation and 
setup. Computers also enable a series of machines performing separate functions to work together in a system to perform 
many different operations on work pieces and to produce a number of different work pieces without requiring substantial 
20 manual intervention. 

Although conventional bevel and hypoid type gear generating machines have been recently fitted with computer 
controls, mainly for monitoring and controlling machine operation, much of the set up of these machines still requires 
manual intervention. For example, U.S. Patent 3,984,746 discloses a "master-slave" servo-system for replacing certain 
gear trains in a conventional bevel and hypoid gear generating machine which control relative machine motions during 

25 use. However, much of the setup of the modified machine still requires substantial manual intervention. 

Conventional bevel and hypoid gear generating machines (i.e., those described in the above-referenced Gear Hand- 
book) require nine or more machine settings (also known as "setup axes") for appropriately positioning the tool with 
respect to the work gear. These settings include: (a) an angular setting of the cradle, (b) three angular settings of the 
tilt mechanism, (c) a rectilinear feed setting between the tool and work supports, (d) a rectilinear setting of work gear 

30 height above the machine base, (e) an angular setting of the work gear axis, (f) a rectilinear setting of the work gear 
along its axis, and (g) for certain cutting methods, relative settings of the rotational positions of the tool and the work 
gear. These settings are difficult to make to required accuracy and are time consuming. Most of these settings are 
accomplished manually because the large number of settings and their often congested locations render computer 
control of these settings extraordinarily complex and/or prohibitively expensive. 

35 For example, known tool tilt mechanisms on bevel and hypoid gear generating machines are associated with a 
number of particularly difficult settings. These settings are made to incline and orient the tool axis with respect to the 
cradle axis so that the stock removing surfaces of the tool are positioned to appropriately represent tooth surfaces of 
the theoretical generating gear. Three coordinated settings known in the art as "eccentric angle", "swivel angle" and "tilt 
angle" are usually required for this purpose. 

40 The tool drive which acts through the tilt mechanism also involves an extraordinary amount of complexity. This drive 
is required to impart rotation to the tool at variable angular orientations and positions with respect to the cradle axis. 
Thus, both the complex settings of the tool tilt mechanism and the tool drive at variable orientations take place within 
the space of the machine cradle which is itself rotatable. 

Accordingly, machine cradles tend to be quite large and cumbersome. The diameter of the theoretical generating 

45 gear represented by the tool support is also substantially determined by the diameter of the machine cradle. For example, 
a 60 centimeter diameter cradle may be required to support a rotary tool in position to represent tooth surfaces of a 30 
centimeter diameter theoretical generating gear. Machine cradles are difficult to manufacture and mount to required 
precision, and account for a significant portion of the size, weight and cost of conventional gear generating machines. 
An alternative configuration for a bevel and hypoid gear generating machine which operates according to a different 

so method is disclosed in U.S. Patent 4,565.474. This machine uses a CNC system for controlling both setup and operation. 
However, at least nine movable machine axes are still required for forming both flanks of longitudinally curved tooth 
spaces in bevel and hypoid gears. The large number of movable machine axes are expensive and difficult to control to 
required precision. 

Further, this known CNC arrangement of machine axes is not considered appropriate for representing the conven- 
55 tional enveloping action of tooth surfaces of a theoretical generating gear in mesh with a work gear. The known CNC 
arrangement operates according to limit conditions in which the tool sweeps a cutting path in the form of a surface of 
revolution which is moved parallel to a plane of action of the work gear intersecting that plane at a fixed depth. In contrast, 
tooth surfaces of the theoretical generating gear are moved with respect to the plane of action with an angularity which 
differs between opposite tooth sides of the generating gear, and this enables a single tool to form both flanks of a tooth 
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with respect to bevel and hypoid gear generating machines of the prior art and is readily adaptable to computer controls 
for automatically setting up and operating the machine. 

The machine of the present invention is arranged for controlling the relative positions of the tool axis and work gear 
axis using a minimum number of movable machine axes. According to the usual practice, the tool and work gear are 
5 each rotatable about their respective axes. However, in contrast to known bevel and hypoid gear generating machines, 
only a single pivot axis is used for adjusting the relative angular positions of the tool and work gear axes for setup and 
operation. Three additional axes are provided for adjusting the rectilinear positions of the tool and work gear. 

The significance of this important reduction in movable machine axes may be appreciated with reference to con- 
ventional non-generating machines. It is possible to arrange the generating machine of the present invention with no 
10 additional movable axes over those ordinarily used on non-generating machines. In other words, the additional cost and 
complexity associated with such movable structures as machine cradles and tilt mechanisms has been obviated. Further, 
this reduction is of a type that does not require the use of multiple tools and pivot axes or any limitations to the method 
of generation. 

Although six axes of relative movement between the tool and work gear are ordinarily required for purposes of setup 
15 and operation, only five axes of movement are timed with respect to each other during intermittent indexing operations. 
These are (a) movement along three rectilinear axes, (b) angular movement about a single pivot axis and (c) rotational 
movement about the work gear axis. Continuous indexing operations, however, require timed relationships between all 
six movable axes. In addition to the just-mentioned axes associated with intermittent operations, continuous indexing 
operations also require interdependent control over the rotation of the tool about its axis. 
20 The present invention also provides that the same controlled axes of machine motion are used for purposes of both 
setup and operation. Thus, with respect to known bevel and hypoid gear cutting machines the total number of movable 
machine axes used for purposes of setup and operation is reduced from nine or more to only six. This reduction enables 
the machine of the present invention to be readily equipped with computer numeric controls for automating machine 
setup and operation. In addition, despite a reduction in the total number of setup axes, the machine of the present 
25 invention has increased versatility. For example, the machine of the present invention is intended for producing a wider 
range of work gear sizes and designs having more possibilities for developing the exact tooth surfaces which may be 
desired. 

The relationship of a theoretical generating gear in mesh with a work gear is maintained in the present invention by 
a single angular adjustment between the tool and work gear axes in combination with relative rectilinear movements 

30 between the tool and work gear axes along three rectilinear axes and rotational movement of the work gear about its 
axis. In the case of continuous indexing operations, rotational movement of the tool about its axis is also controlled. 
Either the tool axis or the work gear axis may be positioned in a fixed angular orientation with respect to the machine 
and the axis of the theoretical generating gear may be allowed to vary in angular orientation with respect to the machine 
base to maintain the desired relative rolling relationship between the tool and work gear. For example, the tool axis may 

35 be mounted in a fixed angular orientation with respect to the machine and the position of the theoretical generating gear 
axis may be instantaneously defined in virtually any desired angular setting with respect to the tool axis and maintained 
in this relative angular setting by relative motions of the tool and work gear axes. 

A range of relative angular orientations between the tool and work gear axes is provided by positioning the pivot 
axis at particular inclinations with respect to the tool and work gear axes. For purposes of both setup and operation, 

40 both the tool axis and work gear axis are maintained at fixed inclinations with respect to the pivot axis. The inclinations 
are measured as included angles between directed line segments associated with the pivot axis and each of the tool 
and work axes. The maximum angular separation between the tool and work gear axes is determined by the sum of the 
respective angles of inclination each of these axes makes with the pivot axis. The minimum angular separation between 
the two axes is determined from the absolute value of the difference between the same respective angles. 

45 It is preferred that the respective fixed angles of inclination the tool and work gear axes make with the pivot axis are 
each equal to ninety degrees. By positioning the pivot axis perpendicular to both the tool and work gear axes, a sub- 
stantially unlimited range of angular variation between the tool and work axes is possible. Further, the amount of angular 
relative travel of either axis about the pivot axis for achieving a given angular separation is minimized. 

It is also preferred to position the pivot axis so that it intersects both the tool and work gear axes in a position along 

so the work gear axis which can be selected to minimize travel requirements of the remaining rectilinear axes. For example, 
the pivot axis may be selected in the vicinity of a given work gear. 

According to one version of the present invention, the novel machine includes the traditional features of a machine 
base and work and tool supports mounted on the base. The tool support includes a carriage which is mounted on slides 
formed in the base to permit movement of the carriage along the width of the base. A tool head is carried on slides 

55 famed in the carriage to permit movement of the tool head vertically with respect to the base, and a tool spindle is 
journaled in the tool support for mounting and rotating a tool about its axis. 

The work support includes a table which is mounted on ways formed in the base to permit movement of the table 
along the length of the base. A work head is mounted on arcuate ways formed in the table to permit angular movement 
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having a different configuration. In particular, the present invention provides for inputting a series of conventional oper- 
ating parameters and transforming this information by calculation into a form appropriate for specifying the required 
positions of differently configured machine axes. In this way, accumulated know-how concerning the development of 
tooth surfaces on conventional machines may be readily applied to the machine of the present invention. Other advan- 
5 tages include a great reduction in the number of machine calculations required to determine prescribed paths of motion 
for movable machine axes and the preservation of user familiarity with the parameters of machine setup and operation. 

A computer having a microprocessor is arranged to receive conventional input instructions interactively with an 
operator through a keyboard and CRT (cathode ray tube), or indirectly from a storage medium. The operation of the 
microprocessor and appendant devices is controlled by a computer program. The program also includes a series of 
w instructions for transforming input information relating to the operating positions of a conventional generating machine 
into a form which specifies the required positions of each axis of the new machine. 

The transformation requires (a) the definition of a coordinate system for the new machine relative to the coordinate 
system of the conventional machine and (b) the application of well known mathematical techniques (e.g., matrix oper- 
ations, vector transformations and trigonometric functions) to reference the same relative positions of the tool and work 
15 gear in the coordinate system of the new machine. 

The coordinate system of the new machine may be defined, for example, by selecting one of the coordinate axes 
of the system at predetermined angular inclinations to both the tool and work gear axes coincident with a pivot axis of 
the new machine and defining the remaining orthogonal coordinate axes as desired with respect to horizontal or vertical 
orientations of the new machine. Preferably, the pivot axis is positioned perpendicular to both the tod and work gear 
20 axes, but other positions are possible so long as the maximum and minimum angular separation of the tool and work 
gear axes defined for the conventional machine falls within a range defined by the sum and difference of the angles of 
inclination formed between the pivot axis and each of the oriented work and tool axes. For further convenience, it is 
desirable to orient the rectilinear axes of the new machine coincident with the orthogonal coordinate axes defined for 
that machine. 

25 In particular, the tool axis and work gear axis of a conventionally arranged machine may be rotated together so that 
the one of the two axes which is to be positioned in a fixed angular orientation on the new machine also defines a 
predetermined angular inclination with a pivot axis of the new machine and the other of the two axes which is rotatable 
about the pivot axis defines, in positions of rotation about the pivot axis, a desired range of angular separation between 
the tool and work gear axes. Preferably, of course, both the tool and work gear axes are positioned perpendicular to the 

30 pivot axis. In that case, an orthogonal coordinate system may be conveniently defined with the pivot axis considered 
coincident with one of the new coordinate axes, and the remaining two orthogonal axes defined in the plane of angular 
movement about the pivot axis so that the fixed one of the tool and work gear axes extends in one of the remaining 
coordinate directions. The rectilinear machine axes may be arranged in each of the coordinate directions to minimize 
further calculations. In this way, the same relative positions of the tool and work gear on a conventional machine (i.e., 

35 one having an angularly adjustable cradle axis, work axis and tool axis) may be represented by a different machine in 
which only the tool or work axis is angularly adjustable. 

A separate transformation is required for each increment of the generating motion of a conventional machine. These 
transformations may be calculated during operation or in advance of intended operations and stored for later use (e.g., 
in so called "look up" tables). Once the desired positions of the axes are calculated, control signals representing these 

40 calculated positions may be output from the microprocessor for controlling drive motors associated with each movable 
machine axis. In accordance with conventional practices of CNC systems, the actual positions of machine axes may be 
measured by encoders and the drive motors are controlled by the microprocessor to correct any differences between 
the actual and desired positions of associated machine axes. 

In contrast to conventional machines in which it is possible to easily imagine the rotation of a theoretical generating 

45 gear about a fixed cradle axis, the present invention provides for Wnematically defining a theoretical generating gear 
whose axis may be oriented at any number of different positions which may vary during operation of the machine. 
However, by using the same input parameters as a conventional machine, the accumulated know-how relating to subtle 
changes in the position and orientation of tooth surfaces on a theoretical generating gear for developing exact work gear 
tooth geometry may also be applied to the machine of the present invention. 

so In addition, by eliminating the requirement of a machine cradle and complex tilt mechanism for controlling the angular 
orientation of the tool axis, the present invention provides for a much smaller and less complex gear generating machine. 
It is also important to note that in known gear generating machines only a limited range of tool tilt can be accommodated 
by known tilt mechanisms. The present invention, however, provides for obtaining similar effects on the geometry of 
manufactured tooth surfaces which are normally associated with such tool inclinations over a virtually unlimited range. 

55 Furthermore, virtually all of the motions, adjustments, and features provided on prior art gear cutting machines, many 
of which are arranged specifically to provide such features, may be accommodated on a single machine having a much 
simplified arrangement of work and tool supporting structures. 

The new machine configuration having a minimum number of CNC axes is also appropriate for positioning a tool 
with respect to a work gear in an orientation representing the first formed work gear of a pair. Further, it is important that 
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Figure 16 is a partial view of Figure 15 taken along the work gear axis and defining an incremental rotation of the 
work gear accompanying the conversion to the new positions of the tool and work gear axes in the present invention ; 

Figure 17 is an enlarged view of Figure 14; 

5 

Figure 1 8 is a perspective view of the new machine arranged with a flared cup wheel in engagement with a work gear. 
Detailed Description o f Preferred Embodiments 

10 An exemplary bevel and hypoid gear generating machine in accordance with the present invention is illustrated by 
Figures 1 and 2. The machine includes the general features of a machine base 1 0 with tool support 1 2 and work support 
1 4 mounted on the base. Tool support 1 2 includes carriage 1 8 mounted on slides 1 6 formed in base 1 0 to permit rectilinear 
movement of carriage 18 across the width of base 10. Tool head 22 is carried on slides 20 in carriage 18 to permit 
movement of tool head 22 vertically with respect to the base. Tool spindle 24 is journaled in tool head 22 for rotatively 

75 mounting rotary tool 26 having stock-removing surfaces 28 projecting from a front face of the tool. For purposes of the 
present invention, rotary tool 26 may be configured as a cutter or grinding wheel of the cup type or flared cup type. The 
tool illustrated in this embodiment, however, is a cup type tool. 

Work support 14 includes table 32 which is mounted on slides 30 formed in base 10 to permit movement of table 
32 along the length of the base. Work head 38 is mounted on arcuate slide 34 and pivot 36 on table 32 to permit arcuate 

20 movement of work head 38 about pivot 36. Work spindle 40 is journaled in work head 38 for rotatively mounting work 
gear 42. The illustrated work gear is of the bevel pinion type. 

In Figure 3, the machine of Figures 1 and 2 has been schematically depicted to permit a clearer illustration of the 
directions of movement of each movable axis. Also for this purpose, work gear 43 is shown greatly enlarged and is 
moved out of engagement with tool 27. 

25 It can be seen from Figure 3 that tool axis T and work axis "W" are relatively movable along three rectilinear axes 
"X", "Y", and "Z" and about one pivot axis "P." In the illustrated embodiment, axes X, Y, and Z are mutually orthogonal. 
Work axis W is pivotable about pivot axis P which extends in direction Y perpendicular to both work axis W and tool axis 
T. Pivot axis P intersects work gear axis W in a position along work axis W in the vicinity of work gear 43. Rotary tool 
27 and work gear 43 are each rotatable about their associated axes T and W which pass though the respective centers 

30 of the tool and work gear. 

Comparison of these movable axes may now be made with the more detailed illustration of the embodiment accord- 
ing to Figures 1 and 2. For example, it may now be understood that axes T and W correspond to the axes of rotation of 
rotary tool 26 and work gear 42 on tool spindle 24 and work spindle 40, respectively. Movement of carriage 18 across 
the width of base 10 corresponds to movement of tool axis T in direction X. Similarly, movement of tool head 22 vertical 

35 of the base and movement of work head 38 along the length of the base correspond to respective movements of tool 
axis T in direction Y and work axis W in direction Z. Pivot axis P may be understood to extend through pivot 36 on table 
32 in a direction parallel to the movement of tool head 22 in direction Y 

Movement along each of the rectilinear slides is imparted by respective drive motors which act through speed reduc- 
ing gearing and recirculating ball screw drives. For example, movement of table 32 in direction Z along the length of the 

40 base is imparted by drive motor 60 which is operatively connected to threaded ball screw 66 through reduction gears 
64. In accordance with conventional practices, ball screw 66 is threadably engaged with a ball nut (not shown) which is 
captured in table 32. Threaded ball screw 66 is secured axially to base 10 and its rotation is transformed by the ball nut 
into a rectilinear movement of table 32. 

Similarly, rectilinear movement of carriage 18 in direction X is imparted by drive motor 44 acting through reduction 

45 gearing 48 and ball screw 50. Tool head 22 is moved in direction Y by drive motor 52, reduction gearing (not shown) 
and ball screw 58. Arcuate motion of work head 38 is imparted by drive motor 68 acting through friction wheel 72 which 
contacts outer surface 74 of slide 34 which partly encircles pivot 36 at a fixed radial distance. The axis of friction wheel 
72 is fixed to work head 38 and rotation of the friction wheel in contact with outer surface 74 of slide 34 advances one 
end of the work head around pivot 36. Drive motors 76 and 80 are also provided for rotating the tool and work gear, 

so respectively. 

Each of the respective drive motors is associated with either a linear or rotary encoder as part of a CNC system 
which governs the operation of the drive motors in accordance with instructions input to a computer. The encoders 
provide feedback information to the computer concerning the actual positions of each of the movable machine axes. 
For example, in the embodiment illustrated, movement of carriage 18 on slides 16 is measured by linear encoder 
55 46, movement of tool head 22 in slides 20 is measured by linear encoder 54, and movement of table 32 on slides 30 is 
measured by linear encoder 62. Arcuate movement of work head 38 about pivot 36 is measured by rotary encoder 70. 
Rotary encoders 78 and 82 are also provided for measuring the rotational positions of work spindle 40 and tool spindle 
24, respectively. In accordance with conventional practices, it would also be possible to substitute rotary encoders for 
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variety of jobs may be performed sequentially without requiring further operator intervention in accordance with standard 
CNC practices. 

Microcontroller 90 is controlled by a program 98 for receiving the input data and calculating the desired path of each 
of the controlled axes to appropriately represent the theoretical generating gear in mesh with the work gear. The calcu- 

5 lated information concerning the desired next position of each of the machine axes X, Y, Z, P, T and W, is compared in 
a servo-position control loop with information regarding the actual positions of the respective axes obtained from encod- 
ers 46, 54, 62, 70, 78 and 82 and the differences between the actual and calculated positions of each movable axis are 
used to control respective drive motors 44, 52, 60, 68. 76 and 80 associated with each of the axes. 

During intermittent indexing operations, the rate of change of axes X, Y, Z, P and W along their designated paths 

10 is determined in accordance with the desired rate of rotation the theoretical generating gear input at 94. The rotation of 
the rotary tool about axis T is independent of the movements of the other axes. However, during continuous indexing 
operations, one portion of the rotational rate of the work gear about axis W is determined by the amount of rotation 
desired for the theoretical generating gear and a second portion of its rotational rate is determined as a fixed proportion 
of the rotational rate of the rotary tool about axis T 

is CNC systems for controlling movement of multiple machine axes along prescribed paths are now commonplace. 
Such state-of-the-art systems are incorporated in the present invention to control movements of selected axes along 
prescribed paths for forming tooth spaces in bevel and hypoid gears according to a rolling process in which the work 
gear is rolled in mesh with a theoretical generating gear having an axis of rotation which is allowed to vary with respect 
to the machine base. 

20 The present invention in its preferred embodiment provides for receiving inputs 92, 94 in the form of constants which 
specify the setup and operating characteristics of a conventional generating machine (i.e., one which tilts the tool axis 
with respect to a rotatable cradle axis). Program 98 includes a series of instructions for defining an alternative coordinate 
system within which the positions of the tool and work gear axes specified for a conventional machine may be transformed 
and positively located by three coordinate measures and one angular measure about a predetermined pivot axis. The 

25 program also includes a series of instructions for performing a mathematical transformation of known positions of the 
tool and work gear axes with respect to a conventional generating machine into measures along three rectilinear axes 
and about one pivot axis in the new coordinate system. The known rotational positions of the tool and work gear about 
their respective axes in the conventional machine also forms a part of this transformation for specifying corresponding 
rotational positions of the tool and work gear in the new coordinate system. However, during intermittent indexing oper- 

30 ations, the relative rotational position of the tool may be controlled independently of the other axes and may be eliminated 
from the transformation. The resulting measures along the three rectilinear axes and angular measures about the pivot 
axis, the work gear axis and, if necessary, the tools axis are used to control corresponding machine axes in the new 
machine. 

Figures 6a and 6b are schematic flow charts of a computer program which may be used to determine machine axes 
35 positions of the present invention in response to input parameters of a conventional bevel and hypoid generating machine. 
In particular, the flow chart depicts the general logic which is required to accomplish generating operations on the new 
machine with input information readily available for conventional generating machines. 

The program includes two parts which are illustrated respectively in Figures 6a and 6b. Figure 6a is a flow chart of 
a main program which controls machine operation, and Figure 6b is a flow chart of a timed "interrupt" cycle which is 
40 executed in parallel with the main program at recurring intervals. The main program provides a series of instructions for 
controlling the movable axes of a conventional machine, and the interrupt cycle performs a series of calculations for 
determining the corresponding positions of the movable axes of the machine of the present invention and outputs these 
new positions to the CNC servo-position control loop of the new machine. The interrupt cycle temporarily halts execution 
of the main program at predetermined intervals and returns control to the main program upon completion of the series 
45 of calculations. 

The main program of Figure 6a receives two types of input at block 100. These are: (a) initial setup parameters of 
a conventional machine which include the positions of its various axes, the relative speed of cradle rotation with respect 
to work gear rotation for generation and the relative speed of tool rotation with respect to work gear rotation for continuous 
indexing, etc., and (b) operating parameters such as operating speeds, feed rates, start-stop positions, machine cycles, 
so etc. 

The initial setup parameters are passed to the interrupt cycle of Figure 6b as input blocks 1 02, 1 04 and 1 06, respec- 
tively. The operating parameters, however, are retained in the main program. The first exemplary operation performed 
by the main program is designated at 108 in Figure 6a. This operation provides for starting tool rotation and for moving 
an imaginary cradle and sliding base of a conventional machine to their respective start positions. Variables At, Aq and 
55 AXb, which represent respective incremental changes in the tool and cradle rotational positions and sliding base recti- 
linear position, and variables q s and which represent respective positions of the cradle and sliding base upon com- 
pletion of the operation, are calculated by this operation. The interrupt cycle illustrated by Figure 6b periodically monitors 
these variables at input block 110 and performs additional calculations using the updated values of these variables to 
determine corresponding positions of the movable axes of the new machine. 
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rectilinear axes X, Y and Z of the new machine, (b) variable g m which specifies the corresponding angular position of 
the work gear axis relative to the tool axis about pivot axis P and (c) variables alpha and beta which specify phase angle 
adjustments to the rotational positions of work axis W and tool axis T associated with the transformation to the coordinate 
system of the new machine. 

5 A subsequent operation 1 34 is performed to determine the desired rotational position of the work gear axis in accord- 
ance with phase angles alpha and beta and other setup constants from input block 106. The remaining setup constants 
supplied by block 106 include ratio of roll constant R a which specifies the ratio of relative rotation between the imaginary 
cradle and work gear required for generation, indexing constant Rc which specifies the ratio of relative rotation between 
the tool and work gear for continuous indexing and reference constant w Q which specifies a known rotational position 

w between the tool and work gear. Other constants (not shown) may be used to further adjust the work gear axis rotational 
position for duplicating special motions of conventional machines such as "modified roll." 

Although phase angle beta refers to an adjustment to the rotational position of the tool axis, it may be desired to 
maintain the rotational speed of the tool constant. Phase angle adjustment beta may be applied to the rotational position 
of the work gear axis while maintaining the same relative positions between the tool and work gear axes by additionally 

15 rotating the work gear axis through angle beta multiplied by the inverse of the indexing constant R c . Accordingly, the 
position of work gear axis W may be calculated from the reference position of the work gear axis w Q combined with a 
function of the ratio of roll constant R a and the change in cradle position Aq, a function of the indexing constant Rc and 
the change in tool rotational position At, a function of the indexing constant Rc and phase angle beta, and the phase 
angle alpha. 

20 The calculated values of x, y, z, g m , t and w are then output to the servo-position control loop of the CNC system 
for controlling the respective axes X, Y, Z, P, T and W of the new machine. Program execution then returns to the main 
program until the next interrupt. 

In an alternative embodiment, the number of calculations required for controlling the operation of the new machine 
may be reduced by substituting operating constants for the Z axis of the new machine in place of operating constants 

25 for controlling movements of the sliding base of a conventional machine. That is, instead of calculating values of AXt, in 
the main program, values of Az in the direction of the Z axis of the new machine may be calculated to approximate rates 
of movement of the sliding base in a conventional machine. Variable therefore, remains equal to reference constant 
Xbo and the only variable in the transformation function which is subject to change is q. 

Since each of the output variables of the transformation operation 132 change only in response to changing values 

30 of variable q, lookup tables which list precalculated values for the output variables over an expected range of values for 
variable q may be substituted for the mathematical transformations performed by this operation. The table of precalcu- 
lated values may be reduced in size while retaining desired accuracy by applying well known interpolation techniques 
for values of q which do not exactly match listed values of q in the table. 

The variable Az may then be used to modify the value of z listed in the table to appropriately position the Z axis of 

35 the new machine. The listed values of the other output variables of operation 1 32 (x, y, g m> alpha and beta) are treated 
in the remaining portion of the interrupt cycle in the same manner as if they were calculated in "real time." However, the 
use of a lookup table as a replacement for lengthy calculation procedures shortens the required time interval of the 
interrupt cycle and may contribute to improved accuracy and speed of machine operation. 

In the context of the present invention the term "machine determining" refers to the operations of computer input 

40 and calculation required for arriving at desired positions of the movable machine axes. Thus, the operation of the new 
machine for generating purposes may be summarized by the steps of: (a) machine determining initial setup positions 
of movable machine axes of the new machine based on setup parameters of differently configured axes of a conventional 
bevel and hypoid generating machine, (b) moving one axes of the new machine to the initial setup positions, (c) machine 
determining further operating positions of the axes of the new machine based on operating parameters which relate to 

45 relative movements of the differently configured axes of the conventional machine, (d) moving the axes of the new 
machine to the further operating positions and (e) repeating steps "(c)" and "(d)" for completing the generating operation. 

It may be appreciated that conventional machine inputs to the new machine of the present invention permit the use 
of vast amounts of know-how for developing desired tooth geometry which has been accumulated in terms of the setup 
and operation of conventional machines. In addition, this know-how maybe more broadly applied in the machine of the 

so present invention which obviates many of the physical limitations, such as limited ranges of tool tilt, which characterize 
particular conventional machines. Further, all of the known special motions of particular generating machines, such as 
"helical motion" and "modified roll" may be readily accommodated in the present invention by defining the known positions 
on the conventional machine and performing the required transformation into the coordinate system of the new machine. 
Figures 7 through 9 depict known geometric relationships which describe setup parameters for positioning a tool 

55 and work gear on a conventional bevel and hypoid gear generating machine. In each figure, the geometric relationships 
are superimposed on a partial outline of the conventional machine. 

Trie outline depicts tool support 120 and work support 122. Cradle 124 is mounted in tool support 120 for rotation 
about cradle axis "Cf which is also the axis of an imaginary generating gear defined by the machine setup. Tilt mechanism 
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Unit vector "ai 
vector cross product: 



g^-cosg^e! -sing m ,e 3 . 
V is added to identify the rotational c<>sitionof work gear 130 about axis W, and is defined by tn^ 



a, = e 2 xg, 

Unrt vectors g, and a, kJentify the orientation of work gear 130 on the conventional machine and are shown true length 

"STi-i of Fiaures 10 11 and 12 correspond to the views of Figures 7. 8 and 9. However, the outline of the 
J^^eZ^r^ for improved darity of the constructions and addrtiona. reference hnes have 

centertV 1 terms of the previously discussed settings of the conventional mach.ne. vector r, ,s def med as follows. 

^-(-scoscOe! +(ssinq-E m )e 2 + X b e 3 . 
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axis from the intersection on the gear axis with plane VA. In that case the right side of above equation must be modified 
by subtracting the term P g g { to redirect vector r t to the new pivot axis location. 

One example of the desired machine configuration in the present invention in accordance with the illustrated embod- 
iment provides for positioning tool axis T| perpendicular to the plane of cradle rotation VR. This may be accomplished 
5 while preserving the relative orientation of the tool and work gear with respect to the conventional machine by rotating 
both the too! and work gear axes about a line which extends perpendicular to the trace of tool axis T| in plane VR (i.e., 
the plane of Figure 10). 

Accordingly, unit vector V has been added in plane VR along a perpendicular to the trace of tool axis T,. Unit vector 
v is expressed mathematically as follows: 

10 

v = cos(q-j)e 1 -sin(q-j)e 2 . 

Tool axis T| is aligned parallel with cradle axis Cj by rotating both the tool and work gear axes about vector v by an 
angular amount equal in magnitude but opposite in direction to angle of tilt i. However, since an amount of rotation has 
15 been selected to reorient the tool axis to a desired angular orientation (i.e., perpendicular to plane VR) , it is only necessary 
to rotate reference vectors g |( a, and r ( . The rotated positions of these reference vectors are given, respectively, by vectors 
"g", "a" and "r" according to the following relationships: 

g = (I - cos i)(g , ■ v) v + cos i g , + sin i (v x g ,) 

20 

a = (I - cos i)(a , ■ v) v + cos i a, + sin i (vxa,) 

r = (l-cosi)(r, ■ v) v + cos i r, + sin i (v x r,). 

25 The views of Figures 13 and 14 correspond respectively to the views of Figures 10 and 12. However, because of 
the number of important lines which must be shown in the relatively small view of Figure 14, this same view has been 
greatly expanded in Figure 1 7. The new rotated locations of the tool and work axes are respectively designated at T and 
W in contrast to their subscripted designations (T, and W ( ) at their initial positions. Similarly, reference vectors g, a and 
r are shown in their new positions in contrast to their initial positions designated by corresponding subscripted characters 

30 (g h ai and r ( ). Vector r now extends from the new position of the tool center at point "A" to point P 0 . Although not part of 
the just described rotation, the new position of the cradle axis (as if it were to be rotated) is designated at "C" in Figure 
1 7. This corresponds to the rotated position of the theoretical generating gear axis. 

The plane of Figure 13 may now be considered as the front plane of the new gear making machine of the present 
invention. Thus, tool axis T is now perpendicular to the front plane of the new machine. However, it is also desired that 

35 work axis W lie entirely in a horizontal plane of the new machine. This is readily accomplished by defining the trace of 
a new horizontal plane to coincide with a new orientation of the work axis reference vector g projected into the plane of 
Figure 13. 

A new orthogonal coordinate system is now attached to the front plane of the new machine. The origin of the new 
orthogonal coordinate system including axes X, Y and Z is centered at point P Q and the X axis of the new coordinate 
40 system is aligned with the projection of vector g in the plane of Figure 13. The Y axis of the new system also lies in the 
plane of Figure 13 (i.e. the front plane of the new machine) located 90 degrees counter-clockwise of the X axis. 

Figure 1 5 shows the new horizontal plane of a machine configured in accordance with the present invention whose 
trace appears as the X axis in Figure 13. Work axis W lies entirely in the plane of Figure 1 5 and makes an angle g m with 
the front plane of the new machine. The third orthogonal axis Z of the new coordinate system is defined in the plane of 
45 Figure 1 5 located 90 degrees clockwise of the X axis. 

For purposes of further calculations, unit vectors u x , u y and u 2 are respectively attached to the new orthogonal 
coordinate axes. The orthogonal unit vectors may be mathematically defined as follows: 

"2 = 63 

50 

u y = (gxu 2 )/|gxu z , 
u x = u y xu 2 . 

55 The location of tool center A in the new coordinate system is identified by measures x, y and z along the respective 
coordinate axes as given by the following relationships: 

x=-r ■ u x 
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y = r • u y 

z = r ■ u,. 



Point P 0 . the origin of the new coordinate system, may also be considered as the point in the new mach.ne about 
which work axis W may be pivoted in the new horizontal plane. Pivot axis P extends through port P Q along the Y 
coordinate axis. Thus, in the horizontal plane of Figure 15 in which both tool axis T and work ax.s W appear *ue lentfh. 
pivot axis P extends perpendicular to both axes and the plane of their view. The angular separate between the tool 
and work gear axes "g m " shown in Figure 15 may be calculated as follows: 



sing m = -g ■ u z 



The relative positions of tool axis T and work gear axis W may now be completely defined by tour component 
measures, namely, x. y. z and g m . The movable machine axes of the new machine provide for independently adjusting 
the relative positions of the tool axis and work gear axis along each of these component directions. It may now be 
appreciated that the orthogonal coordinate system defined in Figures 13 through 16 exactly corresponds to id.rect.ons 
X Y and Z illustrated in Figure 3 for defining the direction of movement of the various machine axes in the present 
invention. Pivot axis P, work axis W and tool axis T in the layout of Figures 1 3 through 16 also correspond to the same 
named axes defined for the present invention in the earlier figure. ....... 4 

In addition to controlling the relative positions of tool axis T and work gear ax.s W. rt is also .mportant to control toe 
rotational position of the work gear about its axis W. Figures 8. and 11 illustrate rotational reference vector a, in rts.nrhal 
position in the horizontal plane of the conventional generating machine. Rotation of work gear axis W, about vectorv 
moves vector a, out of horizontal plane H of the conventional machine to position a. F.gure 16 is a view looking down 
work gear axis W showing the rotated position of vector a with respect to the horizontal plane X-Z of the new machine^ 
The amount of inclination of the key way line segment is given by angle "alpha." "mis angle represents a phase shift of 
the work gear angular position with respect to the initial angular position of the work gear in the conventional machine. 
Angle alpha may be defined as: 



sin alpha = -a | • u 



y 



A similar phase adjustment angle "beta" is required to obtain the new angular position of the tool when a continuous 
indexing method is used. The continuous method superimposes a timed relationship between the tool and work gear 
rotation in addition to the conventional generating motions of the machine. Angle beta is given by: 



sin beta = -v 



Orciinarily, however, it is desirable to maintain the rotational speed of the tool constant and the phase adjustment 
angle beta is transferred to the rotation of the work gear. This may be done by subtracting a proportional amount of this 
adjustment in the same predetermined ratio of tool and work gear rotation required for continuous indexing. 

Thus the relative positions of tool 128 and work gear 130 defined for the conventional generating mach.ne by 
parameters s. q. E m . g ml . X* I and j may now be defined in a new generating machine by three rectilinear parameters 
x y and z and three rotational parameters g m , alpha and beta. In the process of generation using toe convent,onal 
machine shown in Figures 7 through 9, cradle 1 24 and workgear 1 30 perform coordinated rotations a^ut the.r respective 
axes This is known as a relative rolling motion as though a theoretical generating gear were in mesh wrth the work gear. 
The setup parameter of a conventional machine which controls this function is referenced as R a in Figures 6a and 6b. 
Each position of cradle roll corresponds to a different polar angle q and a different work gear rotational I position^ Con- 
tinuous indexing operations superimpose on this relationship a timed relationship (referenced as Rc in Figures 6a and 
6b) between the rotation of the tool and work gear. 

The above described transformation to components x, y, z. g m . alpha and beta of the present invention is performed 
for each roll position of the cradle and the associated rotational positions of the tool and work gear on the conventional 
machine. New component values of x, y. z and g m . specify the exact positions of the tool and work gear axes on the new 
machine required to represent the same relative positions of these axes on a conventional mach.ne. Phase angles alpha 
and beta modify the known rotational positions of the tool and work gear associated with generation and continuous 
indexing on a conventional machine to compensate for changes in their relative positions which accompany the .trans- 
formation to a new coordinate system. Accordingly, it may now be appreciated that the generating roll of a conventonal 
generating machine may be exactly represented by components x. y. z. g m . alpha and beta in accordance wrth the above 

be further noted that at each instant of the generating roll through angle q. tool axis T. in the above example 
remains in a fixed angular orientation while work axis W varies in angular orientation within a horizontal plane X-Z which 
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is parallel to tool axis T. This feature permits both the minimum and the maximum angular separation between the tool 
and work gear axes while requiring the least amount of relative angular motion to change their relative angular separa- 
tions. 

Although the above mathematical relations have been disclosed in terms of vector operations, the long-standing 

5 format of choice of gear theoreticians, the same relations may be readily expanded into equivalent trigonometric expres- 
sions or collected into a single matrix transformation. For example, an appropriate transformation matrix may be defined 
by arranging the direction cosines of coordinate unit vectors (e.g., u x , u y and uj of the new machine with respect to 
coordinate vectors (e.g., e 1p e 2 and e3> of the conventional machine in matrix format. Reference vectors of the tool and 
work gear on the conventional machine (e.g., g ( , a, and rj may then be transformed into new reference vectors (e.g., g, 

to a and r) in the coordinate system of the new machine by multiplication with the predefined matrix. 

However the transformation is accomplished, it is important that the pivot axis and either the tool or work gear axis 
are defined in fixed angular orientations within a coordinate system attached to the new machine. Preferably, the three 
rectilinear movable axes of the new machine provide for relative movement between the tool and work gear in directions 
which correspond to the coordinate axes of the attached coordinate system. It is also important that the pivot axis is 

is oriented with respect to both the tool and work gear axes to accommodate a range of angular separations between the 
tool and work gear axes. This range is defined by the sum and difference between the respective inclination angles 
made between the pivot axis and tool and work gear axes. Preferably, the pivot axis is aligned with one of the coordinate 
axes of the attached coordinate system and forms right angles with both the tool axis and work gear axis. 

An alternative embodiment is illustrated by Figure 18 in which flared cup grinding wheel 130 is mounted on tool 

20 head 1 32. Otherwise, the illustrated machine is identical to the machine of Figures 1 and 2. Typically, flared cup grinding 
wheels are used on conventional bevel and hypoid generating machines in non-generating operations. Instead of using 
the conventional machine cradle to effect the relative rolling motion of generation, the machine cradle is used to impart 
an oscillatory motion which rocks the flared cup wheel back and forth along tooth length. This approach is used primarily 
to improve contact conditions in the grinding area of non-generated gears. 

25 The same transformation from the coordinate system of a conventional machine to the machine of the present 
invention may be performed for each increment of cradle rotation. Although work gear rotation is no longer associated 
with cradle rotation, phase angle alpha, described above, must be used to adjust the rotational position of the work gear 
to compensate for changes in its relative rotational position with respect to the tool axis accompanying the transformation. 
It is also contemplated that the bevel and hypoid generating machine of the present invention may be used to produce 

30 longitudinally curved tooth parallel axis gears. A method of producing such gears according to a continuous indexing 
operation on a conventional bevel and hypoid generating machine is described in U.S. Patent 4,21 1 ,51 1 . Once again, 
the same transformation of movable axes may be performed in accordance with the present invention so that conventional 
machine inputs may be used to control a much simplified arrangement of machine axes. 

Although only a limited number of exemplary embodiments of the present invention have been described above, it 

35 will be appreciated by those familiar with the art that many other embodiments are readily apparent in accordance with 
the teachings of the present invention. 

Claims 

40 1 . A machine for forming longitudinally curved tooth spaces in bevel and hypoid gears using a flared tool (1 52) having 
stock removing surfaces, said machine comprising: 
a machine base (10); 
a tool support (12) mounted on said base; 

means for rotating said flared tool (152) in said tool support about a tool axis (T); 
45 a work support (1 4) mounted on said base; 

means for rotating a work gear (42) in said work support about a work axis (W); 
characterized by: 

means for imparting relative translational movement between said tool support and said work support along 
three orthogonal axes (X, Y, and Z); 
so means for imparting relative angular movement between said tool support (12) and said work support (14) 

about a pivot axis (P); 

said machine comprising computer controlling means for substantially simultaneously controlling said relative 
translational movements between the tool and work support, and said angular movement between the tool and work 
axes (T, W) during said forming for imparting relative motion between said flared tool and said work gear to oscillate 
55 said flared tool back and forth along the length of a tooth of said work gear, said back and forth relative motion 
emulating oscillatory movement of a cradle mechanism in a mechanical gear manufacturing machine comprising 
said flared tool and said work gear, and, 

means for adjusting the rotational position of said work gear as a function of said oscillatory movement of 
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said cradle mechanism so as to impose corrective modifications upon the rotational position of said work gear for 
maintaining a relative rotational position of said work gear with respect to said tool axis during said form.ng. 

A machine according to claim 1 wherein said computer controlling means further comprises means for determining 
initial setup parameters of differently configured axes of a conventional flared tool bevel and hypoid gear forming 
machine of the type including a cradle rotatable about a cradle axis, a tool support having a tool ax.s adjustably 
mounted on said cradle for inclining said tool axis with respect to said cradle axis, and a work support having a work 

aXtS ' mea ns for determining further operating positions of said computer controlled axes based on operating 
oarameters which relate to relative movements of said differently configured axes of the conventional machine; 

said further operating means providing for performing a coordinate transformation for relating operating posi- 
tions which would be effected by said conventional machine axes to said further operating positions of the computer 
controlled axes. 

The machine of claims 1 or 2 wherein said flared tool is a cutting tool. 
The machine of claims 1 or 2 wherein said flared tool is a grinding wheel. 

A method of forming longitudinally curved tooth spaces in bevel and hypoid gears using a flared tod having stock 
removing surfaces comprising the steps of: 

mounting a tool (152) in a tool support (12); 

mounting a work gear (42) in a work gear support (14), said work gear being rotatable about a work gear 
axis (W)* 

rotating said flared tool about an axis (T) which passes through said tool; characterized by: 

relatively moving said tool support with respect to said work support translationally along three orthogonal 
axes (X Y Z) for initially positioning said work and tool supports (14, 12) rectilinearly with respect to each other 

relatively pivoting said work support angularly with respect to said tool support about a pivot axis (P) for 
initially positioning said work and tool supports (1 4, 1 2) angularly with respect to each other; 

using a computer to substantially simultaneously control said rectilinear movement between said tool and 
work supports, and said pivoting between said tool and work supports (12, 14) so as to operative* engage said 
flared tool with said work gear for imparting relative motion between said flared tool and said work gear to oscillate 
said flared tool back and forth along the length of a tooth of said work gear, said back and forth relative moton 
emulating oscillatory movement of a cradle mechanism in a mechanical gear manufacturing machine comprising 
said flared tool and said work gear, and, 

characterized in that said substantially simultaneously controlling further comprising adjusting said rotation 
the work gear (42) as a function of said oscillatory movement of said cradle mechanism so as to impose corrective 
modifications ipon the rotational position of said work gear for maintaining a relative rotational position of said work 
gear with respect to said tool axis during said forming. 
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